We have used molecular dynamics simulations to investigate the effects of radiation damage accumulation in two pyrochlore-structured ceramics, namely Gd 2 Ti 2 O 7 and Gd 2 Zr 2 O 7 . It is well known from experiment that the titanate is susceptible to radiation-induced amorphization, while the zirconate does not go amorphous under prolonged irradiation. Our simulations show that cation Frenkel pair accumulation eventually leads to amorphization of Gd 2 Ti 2 O 7 , and both anion disorder and cation disorder occur during damage accumulation. Amorphization in Gd 2 Ti 2 O 7 is accompanied by a density decrease of about 12.7% and a decrease of about 50% in the elastic modulus. In Gd 2 Zr 2 O 7 , amorphization does not occur, because the residual damage introduced by radiation is not sufficiently energetic to destabilize the crystal structure and drive the material amorphous. Subtle differences in damage accumulation and annealing between the two pyrochlores lead to drastically different radiation response as the damage accumulates.
Introduction
Worldwide expansion of nuclear power has been proposed as a solution to the problems associated with rising global energy use, excessive dependence on energy production from combustion of fossil fuels and the resulting adverse environmental impact, such as the emission of green house gases and pollutants. 1 With increased use of nuclear power, one has to deal with the concerns of nuclear proliferation and nuclear waste management. 2, 3 In this regard, the safe immobilization of toxic nuclear waste, actinides in spent nuclear fuel, and plutonium from dismantled nuclear weapons is a major challenge facing humanity today.
Due to the radiotoxicity of long-lived isotopes, e.g., 239 Pu has a half life of ~24,200 years, nuclear waste has to be isolated from the biosphere over time scales much longer than the span of recorded human history. This point is illustrated by Figure 1 , which shows the half lives of selected actinides and fission products relevant to this article on a log scale. Burying nuclear waste in stable geologic formations is a widely recommended option. 4 In this scheme, natural barriers to the migration of radionuclides are augmented by the use of multiple engineered barriers including compacted clay, drip shields and waste packages to keep water from contacting the waste, corrosion-resistant cladding, and a solid waste form that immobilizes actinides in a ceramic or glass matrix. 5 Currently, disposal of high-level waste by incorporation in borosilicate glass (vitrification) is preferred in the United States and several other countries, because vitrification is a well-understood technology, the processing steps are simple, the process is well established at the industrial scale, and glass can exist in different compositions and accept a wide variety of waste compositions. However, glass is metastable, likely to corrode in contact with water or humid air, and may be susceptible to radionuclide release due to microcracking. Moreover, the dissolution rate of glass may increase over time. Crystalline ceramics are promising alternatives, especially for the immobilization of Pu and minor actinides. Many ceramics proposed for waste form applications, such as zircon, become amorphous under prolonged exposure to radiation, 6, 7 which can lead to enhanced leaching of radionuclides and decline in mechanical properties.
Ceramics that can survive in the extreme environment of radiation, elevated temperature and stress without losing their crystal structure hold the promise of acting as a reliable first line of defense by locking up actinides. In order to evaluate the performance of ceramic waste forms over a time scale of the order of 100,000 years we need a thorough understanding of the fundamental physics of radiation damage processes occurring at the atomic level.
Ceramics with the pyrochlore (A 2 B 2 O 7 ) structure are leading candidates for the immobilization of Pu and minor actinides, and pyrochlores are components of several proposed ceramic waste forms. 8 The crystal structure of pyrochlore is cubic (space group Fd3m) with a large lattice parameter (a) of about 1 nm as shown in Figure 2 . One-eighth of the oxygen anions occupy the 8b site, three-quarters occupy the 48f site, and the remaining one-eighth of the anion sites (8a) are vacant. This structure is an ordered supercell of the well known cubic fluorite (Fm3m) structure. The pyrochlore structure is uniquely defined by the lattice parameter, a, and the 48f oxygen positional parameter, x, which varies from 0.3125 in ideal pyrochlore to 0.375 in fluorite. The 48f anion position is offset from that in ideal pyrochlore as cations of different radii are accommodated in the structure, and the x parameter can be considered a measure of this offset. If oxygen is randomly distributed among anion sites with a site occupation probability of 0.875 and the cations are randomly exchanged, then the structure transforms from pyrochlore with the unit cell represented by the solid line in Figure 2 , to disordered fluorite, with the unit cell represented by the dotted line. In this case, the value of a of the disordered fluorite, (A,B) 4 O 7 , is half of that of the ordered pyrochlore, A 2 B 2 O 7 .
In pyrochlore, the larger trivalent A cation is coordinated by six 48f and two 8b anions and the smaller tetravalent B cation is coordinated by six 48f anions. The 48f anion is coordinated by two cations of each type and the 8b by four A cations. The anion vacancies are in an ordered arrangement in pyrochlore but randomly distributed in disordered fluorite, which is an important reason for the faster oxide ion diffusion in the latter. 8 By varying the A and B cations in the formula unit, one can choose from hundreds of compositions, thereby tailoring the chemistry to incorporate a specific actinide (say, Pu), neutron absorber (say, Gd) or fission product (say, Cs). Thus, the pyrochlore system offers a test-bed to examine the role of chemistry in the radiation tolerance of isostructural compounds.
Despite extensive experimental study, [8] [9] [10] [11] the mechanisms that govern radiation tolerance of ceramics are often difficult to unambiguously determine by experiment, because the atomiclevel processes are transient and occur over the nanometer length scale, multiple mechanisms may overlap, and there are limited facilities for the hazardous task of synthesis and characterization of radioactive samples. Experimental studies 8, 9 have shown that there is a systematic increase in the radiation tolerance of Gd 2 (Zr y Ti 1-y ) 2 O 7 pyrochlore with y increasing from 0 to 1. The radiation tolerance of pyrochlores have been linked 8, 11 to the ratio of ionic radius of A and B cations ( 16 and the presence of structural vacancies can promote damage annealing in irradiated ceramics, 20 we have analyzed the occupation of the 8a site. In the present report, the details of the method are presented in Section 2, the results are discussed in Section 3 and the findings are summarized in Section 4. ) to the ions. In addition to the long-range Coulomb interaction, the potential has a short range interaction of the Buckingham form, given by:
Details of the simulation
where A,  and C are parameters fitted to known equilibrium properties of pyrochlores and r ij is the distance between ions i and j. The polarizability of the ions is taken into account by treating the ion as a massive charged core connected by an isotropic harmonic spring to a massless charged shell. The sum of the core and shell charges equals the formal charge of the ion. The parameters of the potential can be found in the previous work of Minervini et al. 12 Our choice of the potential of Minervini et al 12 was dictated by its transferability to a wide range of pyrochlore compositions and the availability of an extensive database of defect energies from previous work. [13] [14] The potential was fitted by a spline function to the well-known
Ziegler-Biersack-Littmark potential 21 for r ij less than 0.1 nm to avoid unphysical attraction of ions at close separation due to the dispersion term (-C/r ij 6 ) in the Buckingham potential. The long-range Coulomb sum was treated using the smooth particle mesh Ewald method.
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Classical MD simulations were performed using the DL_POLY computer code. 23 The simulation cell contained 704 atoms (2x2x2 unit cells) with periodic boundaries. The small size of the simulation cell was necessitated by the need to study hundreds of defect configurations.
Simulations of radiation damage were performed without the use of the shell model in the above potential because of the instability of the shell model system under the non-equilibrium conditions created by radiation damage accumulation.
The simulation cell was initially equilibrated in the isothermal isobaric ensemble at 300 K and zero external pressure (constant NPT ensemble with Berendsen barostat and thermostat 24 ) for 10 ps. Four different mechanisms of radiation damage were simulated, namely anion exchange between the 8b and 48f sites on the one hand and the 8a site on the other; cation site exchange; anion Frenkel pair introduction and cation Frenkel pair introduction. Anion exchange was simulated by starting with the ordered pyrochlore crystal, randomly choosing a certain number of 8b and 48f anions (in the ratio 1:6) and placing them in randomly chosen vacant 8a sites. Cation exchange was simulated in ordered pyrochlore by exchanging a certain number of randomly chosen A cations with randomly chosen B cations. Following the exchanges, the simulation cell was equilibrated for 10 ps in the constant NPT ensemble as mentioned above followed by a 10 ps production run.
Cation and anion Frenkel pairs were introduced as follows. A randomly chosen cation (or anion) was removed from its site and placed in an interstitial position 0.5 nm away from the original site along a random direction. The separation of 0.5 nm was chosen to prevent spontaneous vacancy-interstitial recombination. The condition that no other ions should be within 0.1 nm of the new location of the ion was imposed to avoid instability in the simulation.
If any ion was found to be within 0.1 nm of the new location, the location was rejected and a new location was randomly chosen and the process repeated until the imposed condition was satisfied. It is possible for this process to choose a previously created interstitial and move it to a new site 0.5 nm away. After creation of the Frenkel pair, the simulation cell was relaxed in the constant NPT ensemble for 0.25 ps before the next Frenkel pair was introduced. The configurations were saved after each Frenkel pair introduction, and the simulation cells corresponding to different damage doses were equilibrated in the constant NPT ensemble for 10 ps as specified above. All the simulation runs used a variable time step algorithm with time step varying between 0.16 and 2.56 fs.
In addition to the ordered pyrochlore crystal as reference, an amorphous sample was generated by gradually heating the system to 8000 K, maintaining it at 8000 K for 100 ps and quenching the system from 8000 K to 300 K at the rate of 2x10 13 K/s. The configurations from MD simulations were visualized using VMD 25 and JMol 26 programs. The final configurations from MD runs were employed as input for optimization using the GULP code. 27 In this step, the shell model, which could not be used in the dynamical simulations, was introduced and the energy of the system was minimized using the Newton-Raphson optimizer with BroydenFletcher-Goldfarb-Shanno updating of the Hessian matrix. 28 The shell model was not used for Zr, because the structure could not be optimized when defects were present. The mechanical properties of the system, such as bulk modulus, were also determined using the GULP code. 
Results and discussion
The changes in density and bulk modulus, energy increase in eV/atom and the occupancy of 8a sites by oxygen with increasing levels of anion exchange are shown in Figure 3 for [12] [13] [14] , completely random cation distribution with nearly completely random anion distribution on lattice sites is insufficient to amorphize either the titanate or the zirconate. In both pyrochlores, the energy increase and changes in the bulk modulus and density appear to saturate below the corresponding levels of the amorphous material with increasing levels of cation site exchange. Thus one cannot explain the difference in radiation tolerance of the two pyrochlores using arguments based strictly on cation and anion site disorder. Moreover, the high occupancy of 8a oxygen sites in the titanate without amorphization suggests that radiation damage can be accommodated, at least in the early stages, in zirconate as well as titanate pyrochlores by site exchanges in cation and anion sublattices. In contrast, cation Frenkel pair introduction in Gd 2 Zr 2 O 7 does not lead to amorphization.
The property changes reach a steady state after about 0.1 dpc. The maximum density decrease is about 3% and the maximum decrease in the bulk modulus is about 20%. The energy increases by about 0.25 eV/atom, which is smaller than the relative energy of the amorphous state. The defects produced consist mainly of cation antisite defects and oxygens occupying the 8a sites.
Nearly 60 pairs of cations out of 128 pairs are on "wrong" sites and the maximum occupancy of the 8a sites by anions is about 0.72. Thus, we have near complete randomization of cation and anion occupancy on lattice sites. A surprising observation is that some Gd and Zr Frenkel pairs The present results when combined with our previous simulations of recoil damage in pyrochlore 30 show that the fundamental differences that lead to the differing radiation tolerances significantly impeded in the zirconate by the presence of cation antisite defects. As a result, the energy and volume increases are small and the crystal is not destabilized.
The processes described about can be visualized from the sequence of images shown in Figure 7 for Gd 2 Ti 2 O 7 and Figure 8 for Gd 2 Zr 2 O 7 . Depth cuing is used to show atoms at a greater depth in a lighter shade. Figure 7 shows the progression of damage in Gd 2 Ti 2 O 7 for cation Frenkel pair accumulation from 0.03 dpc to 0.625 dpc. Cation disorder is evident in the early stages and the system is topologically ordered up to 0.375 dpc. At 0.5 dpc, a mix of topologically ordered cation arrangement and topologically disordered regions can be seen in Figure 7 (e), and there is considerable site exchange in the ordered regions. By 0.625 dpc, the material is clearly amorphous. We did not observe the Ti-Ti dumbbells reported by Chartier et al. 18 In fact, the minimum Ti-Ti separation observed in the amorphous material was 2.8 Å.
Given the strong Coulomb repulsion between cations, it is unlikely that a Ti-Ti dumbbell will 31 Under prolonged irradiation, the cumulative effects of these differences in defect formation and migration energies shift the competition between damage accumulation and annealing towards amorphization, swelling and loss of mechanical properties in the case of the former and radiation tolerance in the case of the latter.
Previous work 8, 11 has related the radiation tolerance of pyrochlores to the cation radius ratio ( 
Conclusions
We 
